More than 300 
Populations that are founded by a few individuals can be very different compared with the populations from which they were derived. Sampling effects, genetic drift, and inbreeding in small founder populations can lead to a severe reduction in the number of alleles and in gene diversity relative to the original source populations (1, 2) . Loss of alleles is primarily dependent on bottleneck size, while the reduction in gene diversity depends both on bottleneck size and the rate of population growth after the bottleneck (1) . For sexually reproducing organisms, the most extreme bottleneck occurs when a population is founded by a single inseminated female. However, bottlenecks can be even more extreme for organisms that are capable ofasexual reproduction; theoretically, a population can be founded by a single clone.
Phytophthora infestans (Montagne) de Bary is an ideal organism for studying the effects of migration-induced bottlenecks on genetic variability of founder populations. This diploid oomycete causes the late blight disease of potato and tomato, and it appears to have evolved on wild potato relatives (Solanum species) in a limited area in the highlands of central Mexico (3, 4) . At least two migration events out of central Mexico have now distributed P. infestans throughout the world. The first documented migration occurred in the 1840s when late blight appeared as a previously unknown disease on potatoes in the United States and Europe (5) . This migration caused the Irish potato famine of 1846 and 1847. Evidently, only one mating type (Al) was distributed outside of central Mexico in this migration, so reproduction in these populations was exclusively asexual (3, 6) .
The second migration of P. infestans probably occurred in the late 1970s (3) , when the A2 mating type, and previously undetected alleles at two allozyme loci, began to appear in European populations (6) (7) (8) (9) . This migration caused profound changes in most of the recipient populations, with new migrant genotypes usually displacing the old genotypes in only a few years (6, 10) . Recent analyses also indicate that sexual reproduction may be occurring in some of the new migrant populations in Europe (10) . Although the routes of migration are not known with certainty, it may be possible to infer the pattern of past migrations by studying genetic variation within and among extant populations.
The purpose of this study was to quantify the effects of genetic bottlenecks on the genetic structure of asexually reproducing populations of an important plant pathogen. P.
infestans was chosen for this study because its center of origin is well defined; a large number of well-characterized and easily assayed genetic markers are available; it has a defined life cycle including both sexual and asexual stages; much is already known about its past migrations; and samples are available from culture collections throughout the world. A secondary goal was to determine the genetic relationships among extant populations and thereby attempt to reconstruct the patterns of migration that led to the current panglobal distribution of P. infestans. (13, 14) . Over 200 isolates were included in the DNA fingerprinting analysis. Extractions of total genomic DNA and Southern analyses with DNA "fingerprint" probe RG57 were as described previously (15, 16) . Probe RG57 is a highly polymorphic, moderately repetitive nuclear DNA from P. infestans that hybridizes to more than 25 different loci in P. infestans and related species (13, 15 1984 -1986 1988 1980 -1985 1989 1985 -1989 Before 1990 1979 -1990 1990 1977 Before 1984 Sample size* 21 (11) 5 (2) 8 (1) 7 (7) 2 (2) 2 (1) 9 (8) 30 (29) 27 (15) 28 (28) 62 (34) 1 (1) 5 (5) 2 (2) 3 (2) (17) . Trees were constructed by using the unweighted pair-group method of averages (UPGMA) algorithm from a Rogers' modified genetic distance (17, 18) matrix. Gene diversity analysis of the allele frequency data was according to the methods of Nei and Chesser (19) . Diversity of multilocus genotypes in each population was calculated by using the Shannon information statistic, h = -Xqln q,, where q, is the frequency of the ith genotype.
MATERIALS AND METHODS
Because sample sizes were uneven and the possible number of genotypes was larger than the sample size in all locations, these values were normalized by in N (20) , the maximum diversity that could be obtained with a sample of size N, as described elsewhere (11, 21) .
RESULTS
Mating Type and Afozynes. Genotypes from all locations except Australia, Costa Rica, and Russia could be classified as old or new on the basis of established criteria ( populations in the United States, Canada, and Peru contained only old genotypes, while those in The Netherlands, Poland, and Japan were mixtures ofold and new genotypes (6, (23) (24) (25) .
DNA Fineprinting. The most striking result was that most (108/130 = 831%) of the isolates with old allozyme genotypes had the same 15-band fingerprint pattern (Fig. 1) . Because these isolates were identical at the mating type (Al), two allozyme (Gpi 86/100, Pep 92/100), and 25 DNA fingerprint loci (Fig. 1) , they are probably all clonally derived from a common ancestor and thus represent a single genetic individual. This genotype was identified previously in the United States and Canada, and it has been designated US-1 (14) . The remain 22 isolates had genotypes that were identical to US-1 except for a change at one or two allozyme or DNA fingerprint loci. Changes from presence to absence of a band at DNA fingerprint loci 9 and 10 ( Fig. 2) , or from heterozygosity to homozygosity at one of the allozyme loci, were the most common variations. The US-1 genotype was present in the oldest collections from 13 countries (Rwanda, Japan, Philippines, Ireland, The Netherlands, Poland, Switzerland, United Kingdom, Canada, United States, Brazil, Peru, and with US-1 at the mating type, two allozyme, and 25 DNA fingerprint loci revealed the number of genetic differences from US-1. The mean number (±SD) of genetic differences from US-1 among isolates in old populations was 0.3 (±0.61).
In contrast, the mean number of genetic differences from US-1 among isolates in new populations was 7.1 (±2.53), and in Mexican populations it was 6.8 (±1.39). Cluster Analysis. All of the old populations were closely related and formed a very tight cluster (Fig. 3) . New populations formed at least three UPGMA clusters (Fig. 3 (Fig. 4) This appears to be the most severe reduction in genetic diversity associated with colonization yet reported, and is, to our knowledge, the first in which populations were founded by the theoretical minimum effective population size of one genetic individual. Previous studies have reported similar, although less dramatic, decreases in genetic variability in colonizing populations oforganisms as diverse as lizards (27) , pitcher plants (28) , and walnut husk flies (29) . However, there was no loss of genetic variation in populations of the face fly that colonized North America from Europe (30) . Extreme losses of genetic variability occurred only when the number of founder individuals was very small.
In retrospect, severe genetic bottlenecks associated with the panglobal migration of P. infestans are not that surprising, given the biology of the organism and the modes of transport available in the 1840s. P. infestans (as mycelium and asexual spores) does not survive without its host; longdistance migration must have been accomplished by the movement ofinfected potato tubers or living plants in a ship's hold, where survival would be very low. Furthermore, the traditional food of the people of Mexico is maize (4) . Because potatoes were not cultivated on a commercial scale in Mexico until the 1950s, and the wild Solanum hosts of P. infestans in Mexico produce tubers that are small and not commercially marketable, movement of infected tubers would have been very rare. Oospores (the products of sexual reproduction) easily could have survived long-distance transport, but it seems extremely unlikely that oospore-infested soil or tissue from wild Solanum species would have been brought from Mexico into the United States or Europe. This may explain why late blight disease did not appear in Europe until more than 250 years after the introduction of cultivated potatoes from South American in the late iSOOs.
